The apolipoproteins (APOs) are the major proteins in blood lipid transportation.
Introduction
Colorectal cancer (CRC) is one of the most lethal malignancies in the world [1] . Due to the lack of early specific symptoms [2] , early-stage CRC is difficult to identify.
Emerging evidence indicates that a lipid metabolic disturbance is a critical risk factor in the occurrence and development of colorectal cancer [3, 4] . Reprogramming of lipid metabolism in cancer cells is crucial for providing energy and substrates for biosynthesis, which are required for cancer cell proliferation and invasion [5, 6] . In addition, metabolites generated from lipid metabolism, including alpha-ketoglutarate, acetate and leukotrienes, may themselves be involved in cancer development [7, 8] .
Apolipoproteins are the major lipoproteins involved in lipid transport, and are mainly expressed in liver tissue and delivered through blood vessels [9, 10] . Dysregulation of apolipoproteins is involved in many diseases including vascular disease, heart disease, Alzheimer disease, and cancers. Recent studies show that dysregulation of serum apolipoproteins highly correlates with distinct outcomes of cancer therapy [10] [11] [12] [13] [14] [15] . A high level of apolipoprotein A1 is associated with cancer risk while a low level of apolipoprotein B is associated with risk of breast cancer [10] . Apolipoproteins in the blood transfer lipids to cancer cells to provide energy for cancer cell proliferation and invasion. Apolipoproteins also function as important factors in cellular signal transduction. For instance, apolipoprotein E (APOE) interacts with low density lipoprotein receptor-related protein 1 (LRP1) and low-density lipoprotein receptor-related protein 8 (LRP8) in tumor cells and inhibits tumor cell invasion [16] .
Apolipoprotein B (APOB) represses angiogenesis, a key process for tumor cell invasion and metastasis, by modulating expression of the VEGF receptor [17] .
Apolipoprotein C1 is involved in maintaining cell survival of pancreatic cancer cells through the regulation of cell apoptosis [18] .
Apolipoprotein C2 (APOC2), an important member of the apolipoprotein gene family, is primarily biosynthesized in the liver and intestine, and is present on plasma chylomicrons, VLDL, and high-density lipoproteins (HDL). It activates the enzyme lipoprotein lipase, which hydrolyzes triglycerides and thus provides free fatty acids for cells [19, 20] . Defects in the structure or production of APOC2 and some other gene products result in conditions of LPL deficiency such as hypertriglyceridemia and chylomicronemia [21] . Recent studies show that high serum APOC2 levels are correlated with poor prognosis of pancreatic adenocarcinoma. High levels of APOC2 promote pancreatic cancer cell growth and invasion [22] , suggesting a potential oncogenic role for APOC2 during tumorigenesis, but the underlying mechanism remains unclear. Of note, the majority of studies on apolipoprotein are focused on its levels in blood, the roles of apolipoproteins in tumor cells remain largely unclear.
Here in our study, we observed that APOC2 is overexpressed in colorectal cancer cells and associated with poor prognosis. We found that overexpression of APOC2 accelerates tumor progression and metastasis of CRC. APOC2 directly interact with FASN and leads to reduced omega-3 fatty acids in CRC cells and results in accumulation of alpha-ketoglutarate acid (α-KG). The accumulated α-KG activates the transcriptional programs of PHF8. Furthermore, we demonstrated the activation of APOC2 is caused by DNA hypo-methylation and transcriptional activation by MYC and E2F1.
Results

APOC2 is overexpressed and highly correlates with poor prognosis in colorectal cancer
To investigate the expression of APOC2 in colorectal cancer, we used real-time quantitative PCR (RT-qPCR) to compare APOC2 transcript levels in colorectal cancer (CRC) tissue versus corresponding adjacent normal tissue in 32-paired patient samples. We found that 20 of 32 patients showed over 2-fold higher APOC2 expression in CRC tissue compared to adjacent normal tissue. (Fig. 1A) . We also compared APOC2 expression levels in CRC tissues and adjacent normal tissues in three different datasets from the Genome Expression Omnibus (GEO). We found that CRCs had significantly higher levels of APOC2 than normal colon tissues ( Fig. 1B;   Fig. S1 ). We next used immunohistochemical staining to evaluate APOC2 expression in patients obtained from two independent clinical cohorts (Fig. 1C) . respectively. We demonstrated that APOC2 expression in CRC was significantly higher than that in normal tissue in paired samples from both cohort 1 and cohort 2 ( Fig. 1D) . Together, these findings indicate that APOC2 is highly expressed in CRC.
To evaluate the potential prognostic value of APOC2 expression, we investigated whether APOC2 expression is correlated with the prognosis and/or clinical characteristics of CRC patients. We performed multivariate analysis in cohort 1 and 2 and found that high expression of APOC2 was significantly associated with poor survival in patients with CRC independently of the AJCC stage ( Fig. 1E and G ; Table S1 ). Kaplan-Meier analysis in both cohorts showed that a high level of APOC2 expression was associated with poor disease-free survival (DFS) and overall survival (OS) in both cohorts ( Fig. 1F and H; Fig. S2 ). We further analyzed the correlation between APOC2 expression and clinical outcomes using the dataset from The Cancer Genome Atlas (TCGA). Kaplan-Meier survival curves showed significantly shorter DFS in CRC patients with high APOC2 gene expression compared to patients with low expression ( Fig. 1I) . These data indicate that APOC2 expression could serve as a novel prognostic factor in patients with CRC, and also suggest a potential oncogenic function of APOC2 in CRC.
APOC2 is correlated with recurrence and metastasis of colorectal cancer
Since recurrence is the major cause of poor prognosis, we next sought to analyze the expression of APOC2 in primary tumors of patients with recurrence or without recurrence in our cohorts. Recurrence was found in 85 patients of cohort 1. In cohort 2, 63 patients had CRC recurrence after surgery (Table S1 ). Patients with recurrence in our cohorts, as well as such patients from the TCGA database, had significantly higher levels of APOC2 expression than patients without recurrence ( Fig. 2A-C) . We further analyzed the expression level of APOC2 in primary tumor cells and metastasized tumor cells in lymph nodes from our two cohorts and from the GEO database. APOC2 expression in the metastasized tumor cells was much higher than that in paired non-metastasized tumor cells ( Fig. 2D-F) , These data suggest that high APOC2 expression may also be associated with CRC metastasis.
APOC2 promotes colorectal cancer cell proliferation and invasion in vitro
To investigate the role of APOC2 in colon cancer tumorigenesis and metastasis, we altered expression levels of APOC2 in cultured CRC cells and tested the effect on clone formation ability, cell proliferation, migration, and invasion. APOC2 was overexpressed in Caco2 and RKO cells lines, which normally express low levels of APOC2. APOC2 expression was knocked down in SW620 and HT29 cell lines, which normally express high levels of APOC2 ( Fig. S3 ). We found that overexpression or inhibition of APOC2 expression resulted in increased or decreased clone formation ( Fig. 3A and B ), cell proliferation ( Fig. 3C and D) , migration ( Fig.   3E and F) and invasion ( Fig. 3G and H) , respectively. Together, these findings regarding the promotion of cell proliferation and migration mediated by APOC2 suggest that APOC2 may function as an oncogene in colorectal cancer.
APOC2 promotes colorectal cancer progression and metastasis in vivo
To assess the effects on CRC of APOC2 in vivo, we generated APOC2 stably overexpressing and knockdown cells and injected them into the flanks of nude mice. Figure 4A -D, APOC2 overexpression increased tumor size and volumes while knockdown of APOC2 resulted in decreased tumor size and volumes.
As illustrated in
This indicates that APOC2 substantially promotes cancer progression of CRC in vivo.
To directly monitor the effect of APOC2 on CRC cell growth and metastasis in vivo, we co-expressed a luciferase reporter plasmid in the APOC2 overexpressing or APOC2 knockdown cell lines to label each cell individually. These Luc-labelled lines were xenografted into nude mice. Tumor metastasis were respectively studied by subcutaneous injection into nude mice by either tail vein (for lung metastasis) or local spleen injections (for liver metastasis). The growth of tumors was measured every week, and xenograft tumors were removed for final analysis. CRC lung metastasis and liver metastasis were detected by fluorescent photon fluxes, respectively. We found that overexpression or knockdown of APOC2 resulted in increased or decreased metastasis ( Fig. 4E-H) , respectively. Together, our in vivo data demonstrate that APOC2 promotes tumor cell progression and metastasis in colorectal cancer.
APOC2 regulates cellular lipid metabolism and interacts with FASN in CRC.
APOC2 is an apolipoprotein which normally functions in the transport of lipids to tissues and which otherwise participates in lipid metabolism. Our finding that overexpression of APOC2 is associated with tumorigenesis and metastasis prompted us to identify the cellular lipid metabolic products associated with APOC2 in CRC.
We performed quantitative analysis of free fatty acids via LC/MS (liquid chromatography-mass spectrometry) analysis in APOC2 overexpressing RKO cells (Table S2 ). We found that the fatty acids which showed the most significant expression changes between vector-control and APOC2 transfected cells were eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Fig. 5A ). As these two lipid products have an anti-cancer effect on many tissues [23] [24] [25] , it is conceivable that decreased DHA and EPA resulting from overexpression of APOC2 may contribute to tumorigenesis. Indeed, addition of either EPA or DHA to the high APOC2-expressing cell lines SW620 and HT29 suppressed cell proliferation ( Fig. 5B and C). This result indicates that inhibition of DHA and EPA levels by APOC2 benefits CRC cell growth. Thus, the oncogenic effects of APOC2 may be mediated at least partly through regulation of DHA and EPA levels.
Since APOC2 does not have enzymatic activity to degrade lipid products such as EPA and DHA. To understand how APOC2 is able to regulate these lipid levels, we conducted proteomic analysis of cells overexpressing APOC2 and corresponding control cells. We overexpressed Flag-tagged APOC2 in RKO cells (which normally express low levels of APOC2) and performed immunoprecipitation followed by LC-MS/MS to identify the cellular partners of APOC2 in CRC. As shown in Figure   5D , APOC2 interacts with FASN (fatty acid synthase) in CRC. FASN is one of the key regulators of cellular lipid metabolism and links lipid metabolism to cell growth and invasion. Co-immunoprecipitation using antibodies against APOC2 and FASN in SW620 cells ( Fig. 5E ) showed that FASN was specifically detected in the protein complex immunoprecipitated by APOC2-specific antibodies but not in the protein complexes precipitated by the normal IgG control in SW620 cells. Similarly, APOC2 was specifically detected in the protein complexes immunoprecipitated by FASN-specific antibody. Thus, APOC2 may regulate DHA and EPA levels via FASN.
To determine whether APOC2 contributes to CRC progression through the APOC2-FASN axis, we overexpressed APOC2 in CRC cells with or without knockdown of FASN expression. As shown in Figure 5F and 5G, suppression of FASN expression significantly reduced the acceleration of cell growth mediated by APOC2.
APOC2 regulates the expression of oncogenes involved in cellular metabolism, cell cycle and MAPK cascade
Recent studies indicate that apolipoprotein E (APOE) and apolipoprotein B (APOB) contribute to tumorigenesis through directly binding with critical downstream proteins such as LRP1/LRP8 and VEGF receptor [16, 17] , respectively. These findings prompted us to further explore the downstream events by which APOC2 participates in tumorigenesis and tumor metastasis in vitro. By microarray gene analysis of vector-control and APOC2 overexpressing RKO cells, we identified 4,322 genes differentially expressed upon APOC2 overexpression (Table S3 ). We found that the majority of these genes were upregulated, suggesting that APOC2 may be involved in transcriptionally upregulating genes in RKO cells. We also performed gene ontology enrichment analysis on this identified set of genes. We found that many of these genes are involved in processes related to cell growth and metastasis in CRC, including cellular metabolism, the MAPK pathway, and the cell cycle ( Fig. 6A and B ). This result is consistent with observations obtained from gene set enrichment analysis (GSEA) using the RNA-seq datasets from the TCGA database ( Fig. 6C) .
To further explore the mechanism by which APOC2 regulates the transcription of these genes in CRC, we performed transcription factor enrichment analysis using the ChIP-seq data from the ENCODE project and the genes differentially expressed upon APOC2 overexpression. We found that the genes activated by APOC2 were significantly enriched in genes bound by PHF8 ( Fig. 6D) . This suggests that PHF8 may directly regulate these APOC2-activated genes.
APOC2 activates downstream oncogenes by modulating the transcriptional activity of PHF8.
To evaluate the prediction that PHF8 may directly regulate these APOC2-activated genes, we performed ChIP-seq using antibodies against PHF8 in APOC2 overexpressing and control RKO cells. We identified 4,015 targets in control cells and 8,928 targets in APOC2 overexpressing RKO cells ( Fig. 7A and Table S4 ) and found that the mean PHF8 ChIP-seq signal of APOC2-overexpressing cells was evident compared with that of control ( Fig. 7B) . We identified MAPK1, DAD1, NFKB1, CDK2, MYO1B and ACACA, all proteins with established roles in tumorigenesis, as proteins which had stronger binding activity to PHF8 in APOC2 overexpressing cells than in control cells (Fig. 7C) . These results indicate that APOC2 indeed affects binding of PHF8 on chromatin in CRC.
Alpha-ketoglutaric acid (α-KG) is a known key co-factor for PHF8 and is essential for PHF8 to regulate expression of downstream target genes [26] [27] [28] . To investigate the mechanism underlying PHF8 activation associated with APOC2, we measured the level of α-KG in APOC2 overexpressing RKO cells and in APOC2 knockdown SW620 cells, as well as in the respective control cells. As shown in Figure 7D , α-KG levels were significantly increased with APOC2 overexpression and reduced with APOC2 knockdown. These results indicate that APOC2 expression is related to the production of α-KG in cancer cells. The level of α-KG may affect the transcriptional activity of PHF8, thereby leading to transcriptional upregulation of genes involved in CRC proliferation and metastasis ( Fig. 7E) .
DNA hypo-methylation and the transcriptional activation by MYC and ELF1 contribute to APOC2 overexpression in CRC
Our above findings have demonstrated the oncogenic role of APOC2 in CRC, still, how APOC2 could be aberrantly expressed in CRC remains unknown. Next, to identify the cause of APOC2 overexpression in CRC, we first performed DNA methylation analysis as well as copy number analysis of APOC2 promoter using the human methylation 450K BeadChip data from TCGA database. As it shown in Figure 8A and 8B, the mRNA expression of APOC2 is negatively correlated with APOC2 DNA methylation. Furthermore, analysis of APOC2 promoter DNA methylation reveals that the DNA methylation level of normal tissue is significantly higher than that in CRC tissues ( Fig. 8C) , indicating that DNA hypo-methylation of APOC2 promoter is one of the reasons for APOC2 overexpression in CRC.
Next, to identify the potential transcription factors that contribute to APOC2 overexpression, we integrated the transcription factor motifs identified by motif scan and the expression of its associated transcriptional factor, and found two potential transcription factor MYC and ELF1 might involve in APOC2 regulation (Fig. 8D) .
We thus performed the chromatin immunoprecipitation (ChIP) experiments using antibodies against MYC and ELF1, and validated the binding of these two transcription factors on the APOC2 promoter. As it shown in Figure 8E and 8F, both MYC and ELF1 bound at the promoter region of APOC2 in HT29 and SW620 cells.
Together, our results indicating that in addition to DNA hypo-methylation, transcriptional activation by MYC and ELF1 also contribute to APOC2 overexpression.
Discussion
Dysfunction of cellular lipid metabolism is one of the key biological processes during the progression of colorectal cancer. Here, we report that APOC2, an apolipoprotein, drives CRC proliferation and metastasis via lipid dysregulation in CRC cells. We demonstrated that APOC2 is overexpressed in CRC cells and its expression level was correlated with CRC metastasis. We found that APOC2 directly interacted with FASN and resulted in decreased anti-cancer metabolites such as EPA and DHA. The APOC2 overexpression also leads to upregulation of cellular levels of cellular α-KG, a cofactor required for activity of PHF8, a histone methylase which regulates transcription of genes involved in multiple pathways associated with tumorigenesis and metastasis.
Currently, the prognostic methods applied in clinical evaluation of CRC are the TNM staging system and measurement of levels of carcinoembryonic antigen (CEA) [29] [30] [31] . These methods work well but still have limitations, especially for patients diagnosed with stage II or III CRC. Thus, additional prognostic markers would be of great value. Many factors associated with prognosis have been intensively discussed, including lipoproteins as well as apolipoproteins. High levels of apolipoprotein B have been demonstrated to be a prognostic factor for poor outcomes in CRC. Low levels of apolipoprotein A1 in patients with CRC are associated with poor survival. Apolipoprotein C-I and apolipoprotein A2 have been considered as potential prognostic biomarkers for malignant mesothelioma and renal cancer, respectively. These studies indicate that apolipoproteins are essential for cancer progression and might serve as potential biomarkers for cancer prognosis. In our study, we demonstrate a positive correlation between APOC2 levels and poor prognosis of CRC. Our findings suggest that APOC2 might be applied as a biomarker for prognosis in CRC, although further evaluation in large clinical cohort studies is required.
Cancer cell metastasis is the major cause of therapy failure in CRC [32, 33] .
Identification of the genes involved in CRC metastasis may help us to develop novel therapeutics strategies. In our study, we demonstrated that high levels of APOC2 were observed in the primary cancer tissue of patients with metastasis. In addition, a higher level of APOC2 expression was observed in metastasized tissues, indicating that APOC2 is an important factor in CRC metastasis. Moreover, both our in vitro invasion model and in vivo murine CRC model demonstrated that APOC2 directly contributes to CRC metastasis, and that decreasing APOC2 expression significantly inhibits CRC progression and metastasis. Together, our results demonstrate a role for APOC2 in CRC metastasis, and suggest that targeting APOC2 might be a potential therapeutic approach for CRC patients with metastasis.
Although the lipid transport role of apolipoproteins is well known, several studies also suggest that apolipoproteins play an additional role in regulating several biological processes which influence tumorigenesis and cancer progression.
Apolipoprotein D binds to a cytokine receptor that mediates MAP kinase signaling thereby leading to cancer development [34] . Moreover, apolipoprotein B represses angiogenesis by modulating expression of VEGF receptor 1 [17] . Cancer cell-secreted APOE functions as an angiogenesis and metastasis-suppressive factor through its association with distinct APOE receptors on melanoma and endothelial cells [16, 35] .
Of note, these novel functions of apolipoproteins in cancer cells are exerted directly by the apolipoproteins themselves rather than through lipid moieties within the lipoprotein particles, further indicating that the role of apolipoproteins in tumorigenesis is far more complicated than expected. Thus, in addition to their functions in serum lipid transport, apolipoproteins may play versatile roles in tumorigenesis. In our study, we observed that overexpression of APOC2 accelerates cell proliferation and tumor cell invasion in CRC cell lines in vitro and in vivo.
Inhibition of APOC2 expression inhibits cell growth as well as cell invasion in CRC
cells and prolongs the survival of mice with CRC. Together, both in vitro and in vivo studies unveil an important oncogenic role for APOC2 in CRC.
Our functional studies indicate that APOC2-driven CRC progression and metastasis may be mediated by direct association of APOC2 with FASN, which may in turn result in decreased levels of anti-cancer metabolites such as EPA and DHA. FASN is the key protein that links cellular lipid metabolism to energy supply as well as to production of membrane lipids [36] . FASN has been implicated in the development of multiple cancers and is one of the most well-studied fatty acid metabolic enzymes in cancer [37, 38] . Aberrant expression of FASN correlates with poor prognosis of multiple cancers due to its role in de novo fatty acid synthesis [39] . FASN inhibition in APOC2 overexpressing cell lines suppresses tumorigenesis and metastasis, which indicates that APOC2-FASN-regulated lipid metabolism may contribute to CRC progression and metastasis. In addition, our studies indicated that APOC2 accelerates tumor progression by reducing docosahexaenoic acid (DHA) and eicosapentaenic acid (EPA) levels. Treatment with DHA and EPA inhibits growth of CRC cells. These results support the notion that dietary omega-3 fatty acids could benefit patients with colorectal cancer. DHA and EPA are two essential omega-3 polyunsaturated fatty acids which have been shown to exert anticancer effects in several cancer types, both in vitro and in vivo [40, 41] . EPA has also been shown to induce apoptosis in many tumor cells, including prostate cancer, breast cancer and medulloblastoma [42] .
Dietary supplementation with omega-3 fatty acids is likely to prevent cancer [43] . In addition, studies on many animal models have shown that high doses of EPA and DHA improve the efficacy of chemotherapy while reducing the side effects. Our studies show for the first time that degradation of omega-3 fatty acids is associated with CRC tumorigenesis in vitro. We propose that APOC2 interacts with FASN to degrade EPA and DHA in CRC, and that this contributes to tumorigenesis and metastasis. However, the mechanisms by which APOC2 and FASN act together to degrade EPA and DHA remain unknown and require further investigation.
Metabolites generated from the process of lipid metabolism are the major sources for post-translational modifications including histone modification [44] . For the first time, we documented that increased α-KG levels are associated with CRC tumorigenesis in vitro. Increased α-KG levels result in activation of PHF8 and upregulated transcription of target genes. PHF8 is a JmjC domain-containing demethylase and demethylates mono-and dimethylated histone H3 Lys-9 residue (H3K9Me1 and H3K9Me2), dimethylated H3 Lys-27 (H3K27Me2), and monomethylated histone H4 Lys-20 residue (H4K20Me1) [45, 46] . Since H3K9Me1, H3K9Me2, H3K27Me2 and H4K20Me1 are generally epigenetic repressive loci, PFH8-mediated demethylation of these loci results in upregulation of downstream genes such as ACACA, DAD1, MAPK1 and NFKB1. Indeed, we observed that APOC overexpression is associated with the upregulation of those genes. Based on the results of our study, we propose that APOC2 affects α-KG levels, which leads to activation of PHF8. However, the mechanism by which APOC2 activates PHF8 remains elusive and warrants further investigation. 
Materials and Methods
Patients and Tissue Samples
Tissue Microarray and Immunohistochemistry
Tissue microarrays were constructed using a tissue-arraying instrument (Shanghai Outdo Biotech Co., LTD, China). 507 paraffin-embedded tissue blocks were used for tissue microarray sampling. Representative 0.6-mm-diameter cylinders of tumor regions were punched from each tissue block and redeposited into a new paraffin block at predefined positions.
The intensity and extent of staining were evaluated independently by two pathologists who were blinded to patient outcomes. The staining intensity score was rated as 0 (no staining), 1 (mild staining), 2 (moderate staining), or 3 (intense staining). The area score was calculated as 0 (0%), 1 (1%-25%), 2 (26%-50%), 3 (51%-75%), or 4 (76%-100%) according to the percentage of positively-stained cells. The final scores were calculated by multiplying the intensity scores and area scores. Patients with CRC were divided into two groups according to the staining score: 0-8, lower expression; 9-12, higher expression.
Cell culture, Plasmids, and Lentivirus
The Caco2, SW620, HT29, and RKO human colorectal cancer cells were purchased from American Type Culture Collection (Rockville, MD). All cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Gibco, USA) with 10% fetal bovine serum (FBS) (Gibco, USA). The APOC2 overexpression and knockdown lentivirus, as well as the vector virus, were purchased from Shanghai Genechem Co., Ltd., Shanghai, China.
Chromatin-immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) was performed in APOC2 overexpressing 
RKO cells or control RKO cells according to the manufacturer's protocol of the
RNA extraction and RT-qPCR
Total RNA was prepared using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. First strand cDNA was synthesized from 2μg of total RNA using SuperScript® III First-Strand Synthesis System (Invitrogen, USA).
Real-time quantification PCR was performed using the SYBR Premix Ex Taq II (Tli RNase H Plus) (Takara, Japan) with the following primers. APOC2 forward: 5' 
Cell Proliferation Assay
The CCK8 assay was used to evaluate the cell growth of APOC2 overexpressing RKO and Caco2 cells, APOC2 knockdown SW620 and HT29 cells, and all corresponding control cells. In brief, 1×10 4 cells/well were seeded in 96-well plates containing 0.1 mL of medium. After 24 hours, 48 hours, 72 hours and 96 hours of cell culture, CCK8 solution (CK04-3000T, DoJindo, Japan) was added to each well (including the control well), and the mixture was incubated at 37°C for 2 hours. The 450-nm absorbance (OD450) of each well was measured by a microplate reader (Bio-Rad, USA).
Wound Healing Assay
Cells were seeded in 6-well plates and allowed to grow to 70-80% confluence. Sterile white pipette tips were used to create wounds. Floating cells were removed by rinse two times with phosphate-buffered saline (PBS). Cells were cultured in DMEM supplemented with 10% FBS for 24 hours at 37°C. Cell migration was evaluated by measuring the relative percentage of wound region covered by migrated cells. Each assay was repeated 3 times.
Migration and Invasion Assay
The migration and invasion assays were performed in 24-well Boyden chambers (Corning, NY) with filters (8-μm pore size) pre-coated with fibronectin (Roche).
APOC2 overexpressing cells, APOC2 knockdown cells, or respective control cells were placed into the upper chamber with 0.5 ml serum-free DMEM (1x10 5 cells per chamber). DMEM containing 10% fetal bovine serum was added to the lower chamber. After 24 hours, cells in the lower chamber were fixed with methanol for 5 minutes at room temperature followed by crystal violet staining. Experiments were repeated at least 3 times.
In vivo tumor xenograft study
Four-week-old male nude mice were used in this study. For tumor growth evaluation, APOC overexpressing or knockdown cells, as well as respective control cells, were resuspended in serum-free DMEM, and 1×10 6 APOC2 overexpressing or knockdown cells (in 0.1mL) were injected into the left flank of mice while their respective control cells were injected into the right flank. Tumor volumes were evaluated every week after injection. Tumors were removed and fixed in 10% formalin. Tumor volume and weight were measured.
For the lung metastasis model, 1×10 6 cells (in 0.2 ml) stably expressing luciferase were injected into the tail vein of nude mice. For portal circulation injections, cells (10 6 /ml, 200 μl) were injected into the spleen followed by removal of the spleen.
Animals were excluded from studies if inoculated cells did not arrive in the liver. In vivo bioluminescence was generated using d-luciferin substrate (Perkin Elmer) and
bioluminescence signal was normalized to the signal detected immediately following cell inoculation.
Statistical analysis
The Kaplan-Meier survival analysis was performed using the GraphPad Prism version 7.0a software. Statistical significance of the difference between survival curves for APOC2 high-expressing and low-expressing patients was assessed using log-rank tests. The significance of APOC2 expression between different groups was assessed using the unpaired or paired students' t-test (2-tailed). Cell viability was evaluated by CCK8 assays. 
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